The reflex mechanisms that produce the neurocirculatory adjustments to hemorrhagic hypotension are incompletely understood. The goal of this study was to determine if hemorrhagic hypotension in rats produces differential effects on sympathetic outflow to the adrenal gland and kidney and if the two sympathetic nerve responses are governed by different reflex mechanisms. We performed simultaneous multifiber recordings of adrenal and renal sympathetic nerve activity (SNA) during 8 minutes of sustained hemorrhagic hypotension to a mean arterial pressure of 50 mm Hg in chloralose-anesthetized Sprague-Dawley rats with a) baroreceptors intact, b) cervical vagotomy, c) sinoaortic baroreceptor denervation, and d) combined vagotomy plus sinoaortic denervation. During hemorrhagic hypotension in rats with intact baroreceptors, renal SNA decreased by 31±10% (mean±SEM, /?<0.05 vs. control) and heart rate decreased from 384±13 to 365±16 beats per minute (p<0.05), but adrenal SNA increased by 69±10% over control (/><0.05). The decreases in renal SNA and heart rate were reversed by cervical vagotomy but not by atropine, which indicates vagal afferent mediation. In contrast, the increases in adrenal SNA during hemorrhage were not affected by vagotomy alone or by sinoaortic denervation alone but were markedly attenuated by combined sinoaortic denervation and vagotomy, which indicates redundancy in the baroreflex control of adrenal SNA. The major new conclusions from this study are 1) that hemorrhagic hypotension in rats produces directionally opposite reflex changes in renal and adrenal SNA with sympathoinhibition in the kidney but sympathoexcitation in the adrenal gland, and 2) that both of these reflex responses are mediated by vagal afferents. Differential reflex control of regional sympathetic outflow by vagal afferents is an important factor in producing a complex and highly differentiated pattern of autonomic response to this form of hypotension. (Circulation Research 1989;64:686-694) H emorrhagic hypotension is well known to produce reflex changes in heart rate and vascular resistance that are related in part to profound alterations in sympathoadrenal activity. '-3 However, the precise mechanisms that produce the specific autonomic adjustments to hemorrhagic hypotension are incompletely understood.
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Heesch and Bishop 4 provided evidence that plasma concentrations of adrenomedullary catecholamines are under tonic restraint by both arterial and cardiac (vagal afferent) baroreceptor activity. However, Fater et al 5 concluded that arterial baroreceptors have minimal physiologic effects on adrenal release of catecholamines during the hypotension produced by hemorrhage or by vasodilators. These previous studies relied on measurements of plasma catecholamines and did not measure adrenal sympathetic nerve activity (SNA) directly.
In contrast, several recent studies have examined the regulation of renal SNA during hemorrhage. Surprisingly, in many species renal SNA does not increase and may actually decrease during hypotensive hemorrhage. 6 -8 In rats the inhibitory effect of severe hemorrhage on renal SNA appears to be caused in part by paradoxical activation of cardiac vagal afferents, 7 whereas in dogs this effect is not dependent on either cardiac or arterial baroreceptors. 6 Thus, the sympathetic responses to hypotensive hemorrhage may be regulated by highly specific reflex pathways that differ greatly not only between the different species but even between two organs that are in close anatomic proximity (e.g., the adrenal gland and kidney) in the same animal. Differential regulation of sympathetic nerve discharge to different organs might contribute to the complicated pattern of regional blood flow distribution during graded hemorrhage. 3 In the present study, we performed simultaneous recordings of SNA from adrenal and renal nerves in rats to determine if hemorrhagic hypotension produces contrasting effects on sympathetic outflow to the adrenal gland and kidney. Based on the previous studies of plasma catecholamines, we hypothesized that this form of hypotension would stimulate sympathetic drive to the adrenal gland while inhibiting sympathetic drive to the kidney. We examined effects of sinoaortic deafferentation and cervical vagotomy on the responses to hemorrhagic hypotension to determine if the two sympathetic responses are governed by different reflex mechanisms.
Materials and Methods
Experiments were performed in 31 SpragueDawley rats in accordance with the guiding principles of the American Physiological Society for animal experimentation.
In all experiments, anesthesia was induced with methohexital sodium (Brevital, Eli Lilly Co, Indianapolis, Indiana) (75 mg/kg i.p.) and sustained with a-chloralose (50 mg/kg i.v. initially followed by 25 mg/kg/hr i.v.). Polyethylene catheters were inserted into the femoral artery for measurement of arterial pressure, into the tail artery for hemorrhage, and into the femoral vein for administration of fluids and drugs. In some experiments, a polyethylene catheter was inserted into the left ventricle (via the right common carotid artery) to monitor left ventricular end-diastolic pressure (LVEDP). LVEDP was used as a measure of left heart filling pressure and the mechanical stimulus to cardiac vagal afferents. The trachea was cannulated and animals were allowed to breathe oxygen-enriched air. Body temperature was maintained at 38° C.
Sinoaortic Denervation
Sinoaortic denervation (SAD) was performed according to the technique of Krieger 9 by cutting the aortic depressor nerves at the junction with the superior laryngeal nerves and by stripping the arterial walls in the carotid sinus region and painting them with 10% phenol. The cervical sympathetic chains and superior laryngeal nerves were also cut. The effectiveness of SAD was confirmed by demonstration of the failure of phenylephrine-induced increases in mean arterial pressure (+20 to +40 mm Hg) to decrease heart rate and sympathetic nerve traffic.
Vagotomy
The cervical vagi were sectioned bilaterally to remove vagal afferent input. The effectiveness of vagotomy was demonstrated by the finding that graded blood transfusion caused graded decreases in SNA before but not after vagotomy.
Recordings of Sympathetic Nerve Activity
The left kidney and adrenal gland were exposed with a retroperitoneal dissection. The sympathetic nerve branch to the kidney close to the aorta and the adrenal nerve branch between the celiac ganglion and adrenal medulla were dissected free, placed on thin bipolar platinum electrodes, and covered with silicone rubber (Wacker Sil-gel 604, Wacker-Chemie, Munich, FRG) according to the technique of Schad and Seller. 10 Each electrode was connected to a highimpedance probe. Action potentials were amplified 2O-5Ox 10 3 times by bandpass amplifier (model P511, Grass Instrument, Quincy, Massachusetts) with a bandwidth of 100-1,000 Hz. For monitoring during the experiment, the filtered neurogram was routed through an oscilloscope (model 5111, Tektronix, Beaverton, Oregon) and an amplitude discriminator to an audio amplifier. For permanent recording and analysis, the filtered neurogram was fed through a nerve-traffic analyzer (model 706C, University of Iowa Bioengineering, Iowa City), which counted nerve spikes exceeding a threshold voltage set just above the noise level. The counter's time bin was set at 1 second, so that impulse frequency was displayed on a Beckman RM Dynograph recorder (Beckman Instruments, Fullerton, California) as the number of spikes detected each second (Hz) on a time-frequency histogram.
Experimental Protocols
Animals were allowed to stabilize for at least 1 hour after surgery before the experimental protocols were begun. In each animal, adrenal and renal SNA were recorded simultaneously.
Protocol I: Hemorrhage
A: Responses to hypotensive hemorrhage before and after vagotomy (n=10). The purpose of this protocol was to compare effects of hemorrhagic hypotension on renal and adrenal SNA and to examine the role played by vagal afferents in causing these responses. Rats were bled rapidly so that mean arterial pressure fell to approximately 50 mm Hg within 2 minutes; small additional amounts of blood were either withdrawn or infused in order to maintain arterial pressure at that level for 6 additional minutes. The SNA was averaged at consecutive 30-second intervals during the 2-minute control period and the 8-minute period of hemorrhagic hypotension. The blood was then reinfused and the cervical vagi were sectioned bilaterally. When arterial pressure had stabilized after vagotomy, the hemorrhage was repeated.
B: Responses to hemorrhagic hypotension after atropine (n=5). To determine if effects of vagotomy were due to interruption of vagal afferents or to interruption of vagal efferents, we compared responses to hemorrhage under three conditions: 1) after injection of vehicle (5% dextrose in water), 2) after administration of atropine methylnitrate (0.25 mg/kg i.v.), and 3) after bilateral cervical vagotomy. Efficacy of muscarinic blockade was demonstrated by failure of acetylcholine (0. 5 fig i. v.) to produce decreases in arterial pressure and heart rate.
C: Responses to hemorrhagic hypotension after SAD alone and after combined SAD plus vagotomy (n=8). Our goal in performing these experiments was to examine the role of the sinoaortic baroreceptors in the control of adrenal and renal SNA during hemorrhagic hypotension and to search for an interaction between arterial and cardiac baroreflex in control of adrenal SNA during hemorrhage. In eight rats with bilateral SAD, we studied responses to hemorrhage with the vagi intact (i.e., SAD alone) and then again after bilateral vagotomy (i.e., SAD plus vagotomy).
Protocol II: Arterial Baroreflex Control of Adrenal and Renal SNA During Increases in Arterial Pressure (n=10)
To compare arterial baroreflex control of adrenal and renal SNA, we recorded changes in SNA in the 10 rats from Protocol LA during arterial baroreceptor stimulation produced by infusion of the a-adrenergic agonist phenylephrine. The drug was diluted in 5% dextrose in water (1:50 dilution of a 1 /tg/ml solution) and infused intravenously to produce ramp increases in mean arterial pressure up to 160 mm Hg. For each animal, the gain of the arterial baroreflex was expressed as the percent decrease in SNA per millimeter of mercury increase in mean arterial pressure over the linear portion of the baroreflex curve.
Protocol III: Vagal Afferent Control of Adrenal and Renal SNA During Volume Expansion (n=8)
To compare vagal afferent regulation of adrenal and renal SNA, we recorded graded increases in LVEDP and decreases in SNA in eight additional rats with SAD during activation of vagal afferents with repeated intravenous infusions of 0.5 ml of whole blood (from a donor rat) to a total infusion of 3.5 ml. The maximal increases in LVEDP and corresponding reflex changes in SNA were averaged over 15 cardiac cycles during each step infusion.
In summary, we studied 10 rats in Protocol LA and II, five rats in Protocol IB, eight rats in Protocol IC, and eight rats in Protocol III.
Data Analysis
In Protocols I and II, on-line acquisition and data analysis were performed with a software routine and an IBM PC. Analog values of arterial pressure, heart rate, and SNA were digitized on a second-by-second basis during each experimental intervention. In Protocol III, values of LVEDP and SNA were measured by inspection of the polygraph record.
The data were entered into the Statistical Analysis System of Weeg Computing Center at the University of Iowa. Statistical analysis was performed using repeated measures analysis of variance with the Bonferroni adjustment for multiple comparisons." Results are expressed as mean±SEM. Values of p<0.05 were considered statistically significant.
Results

Protocol I: Hemorrhage
The volume of blood removed by hemorrhage was 2.27±0.76, 2.39±0.79, 2.88±1.01, and 2.47±0.89 ml in rats with intact baroreceptors, with vagotomy, with SAD, and with combined SAD plus vagotomy, respectively. There were no statistical differences between these values. Body weights were 264±6 g for the 10 rats studied before and after vagotomy and 245 ±6 g for the eight rats with SAD.
Responses to hemorrhagic hypotension with intact arterial baroreceptors and cardiac vagal afferents (Table 1 and Figures 1 and 2) . At the onset of hemorrhage, heart rate, renal SNA, and adrenal SNA all tended to increase. However, during sustained hypotension heart rate decreased from 384± 13 to 365±16 beats/min (p<0.05) and renal SNA progressively decreased to a value 31 ±10% below control (p<0.05). In contrast, adrenal SNA progressively increased to a value 67 ±18% above control (p<0.05). Thus, sustained hemorrhagic hypotension produced directionally opposite effects on renal and adrenal SNA.
Arterial pressure, heart rate, and renal and adrenal SNA returned to control values after reinfusion of blood (Figure 1 ). Ganglionic blockade with chlorisondamine (5 mg/kg i.v.) abolished SNA in the postganglionic renal nerve but did not decrease and indeed caused a small increase in SNA in the preganglionic adrenal nerve (Figure 1) .
A: Effects of vagotomy on responses to hemorrhagic hypotension ( Table 1 and Figure 3) . Cervical vagotomy reversed the bradycardic and renal sympathoinhibitory responses to hypotensive hemorrhage. After vagotomy, heart rate increased from 443±14 to 459±16 beats/min (p<0.05) and renal SNA increased by 28 ±13% after 8 minutes of hypotension (p<0.05 vs. control). In contrast, adrenal SNA responses to hemorrhage were not affected by vagotomy alone; increases in adrenal SNA with hemorrhage were 67 ± 18% before and 61 ± 19% after vagotomy (p<0.1).
B: Effects of atropine on responses to hemorrhagic hypotension. Whereas cervical vagotomy abolished and reversed the decreases in renal SNA during hypotensive hemorrhage (Table 1 and Figure  3 ), muscarinic blockade with atropine had no effect on the renal SNA response to hemorrhage. During hemorrhagic hypotension, renal SNA decreased by 55± 10% before atropine and by 49± 13% after atropine (p<0.l).
C: Responses to hemorrhagic hypotension after SAD alone and after combined SAD plus vagotomy (Table I and Figure 4 ). In rats with SAD, bilateral vagotomy reversed the renal sympathoinhibitory response to hypotensive hemorrhage. Most importantly, the adrenal sympathoexcitatory response to the sustained hypotension was not attenuated by SAD alone but was sharply attenuated by a combination of SAD plus vagotomy (Figure 4 ).
Protocol II: Comparison of Arterial Baroreflex Control of Adrenal Versus Renal SNA (Figure 5)
Ramp increases in arterial pressure during an infusion of phenylephrine produced graded decreases in SNA in both adrenal and renal nerves. The baroreflex gain (ASNA in %/AMAP in mm Hg) was comparable in the two nerves: 1.67±0.29 for renal SNA and 2.21 ±0.28 for adrenal SNA (p>0.1). At the highest level of mean arterial pressure (160 mm Hg), the maximal decrease in adrenal SNA (76±6% below control) was greater (p<0.05) than the maximal decrease in renal SNA (60±9%).
Protocol III: Comparison of Vagal Afferent Control of Adrenal and Renal SNA During Volume Expansion (Table 2 and Figures 6 and 7)
Rats in this group weighed 260±4 g. During the first four steps of volume infusion in rats with SAD, increases in LVEDP (values between 5.8 and 19.5 mm Hg) were associated with significantly greater decreases in adrenal than renal SNA. Thus, 1 ml of blood increased LVEDP by 6.4±1.5 mm Hg over control values and decreased adrenal SNA by 28±8% (p<0.05 vs. control) but did not decrease renal SNA. However, with greater increments in infused volume, the decreases in renal and adrenal SNA per unit increase in LVEDP were comparable; infusion of 2.5 ml of blood increased LVEDP by 13.7±1.3 mm Hgand produced equivalent decreases in adrenal and renaL SNA (46±10% vs. 32±16%; p>0.1). The SNA responses to volume expansion were abolished by vagotomy ( 
Discussion
This study demonstrates the comparative reflex effects of hemorrhagic hypotension on sympathetic nerve discharge to the adrenal gland and to the kidney in chloralose-anesthetized rats. The major new conclusions are twofold. First, hemorrhagic hypotension produces directionally opposite changes in renal and in adrenal sympathetic outflow with renal sympathoinhibition but adrenal sympathoexcitation. Second, both responses are reflexly mediated by vagal afferents. Although many previous studies have shown that vagal afferents exert a nonuniform influence on various regional circulations in many species, 12 this study provides the first direct evidence that when stimulated by hemorrhagic hypotension, afferents in the cervical vagus elicit directionally opposite reflex changes in sympathetic discharge to the adrenal gland and kidney. Differential reflex control of regional sympathetic outflow by vagal afferents is an important factor in producing a complex and highly differentiated pattern of autonomic response to this form of hypotension.
The finding that hemorrhage failed to produce sustained reflex increases in renal SNA and heart rate is not an artifact produced by chloralose anesthesia. Hemorrhagic hypotension recently has been shown to cause decreases in renal SNA and heart rate in chloralose-anesthetized rats comparable with those in conscious rats. 13 We should consider the possibility that an impairment in ganglionic transmission during severe hemorrhage could have decreased postganglionic renal SNA but would not have decreased adrenal SNA that was preganglionic. This explanation is improbable because the renal sympathetic nerve response to hemorrhage was reversed by cervical vagotomy. This effect of vagotomy was due to interruption of vagal afferents and not to interruption of vagal efferents because the decreases in renal SNA during hemorrhage were unaffected by muscarinic blockade with atropine. Our data, however, do not provide insight into either the location of or the precise stimulus to the vagal afferent endings whose discharge reflexly decreases renal sympathetic activity and heart rate during hemorrhagic hypotension in the rat. In cats and rabbits, hypotension and bradycardia during severe hemorrhage have been attributed in part to stimulation of unmyelinated vagal afferents arising in the left ventricle. 1415 One possibility is that these ventricular endings are activated by mechanical deformation of the myocardium when the heart contracts forcefully around an almost empty ventricular chamber.
1416
Another possibility is that cardiac vagal afferents are activated or sensitized by chemical factors, such as vasopressin 81718 and catecholamines, that are released into the circulation during severe hemorrhage. In this regard, recent studies in our laboratory have shown that phenyl diguanide, which is known to stimulate chemosensitive vagal afferents, elicits the same pattern of sympathetic response as that produced by hypotensive hemorrhage. 20 When injected into the pericardium of rats, phenyl diguanide also decreases renal and increases adrenal sympathetic outflow.
We found that increases in adrenal sympathetic outflow evoked by hemorrhage were not altered by cervical vagotomy alone or by sinoaortic denervation alone but were greatly attenuated by combined sinoaortic and vagal deafferentation. These observations indicate that there is a high degree of redundancy in the control of adrenal sympathetic activity by cardiac and arterial baroreceptors and that neural occlusion may be operative. 21 This interpretation is consistent with the findings of Heesch and Bishop, 4 who demonstrated a similar interaction between carotid and cardiac baroreflex restraint of adrenomedullary catecholamine secretion in cats.
Sympathetic nerve responses to increases in arterial pressure produced by phenylephrine infusion and to increases in left ventricular filling pressure produced by volume expansion provide additional insight into the regulation of adrenal and renal sympathetic activity by arterial and cardiac baroreceptors. Previously, the role of sinoaortic baroreceptors in the control of adrenal sympathetic outflow and catecholamine release has been controversial. In cats and dogs, bilateral carotid occlusion did not increase plasma levels of adrenal catecholamines if the vagi were intact. 4 - 5 Fater et al 5 reported that the hypotension induced by hemorrhage or by infusion of nitroglycerin did not increase plasma catecholamines, whereas Glaviano et al 22 found that hemorrhage markedly stimulated catecholamine secretion from the adrenal medulla.
This study provides direct evidence that arterial baroreceptor stimulation reflexly decreases sympathetic outflow to the adrenal gland as well as to the kidney. The present data are consistent with those of Ito et al, 23 who found a close relationship between adrenal SNA and adrenal vein epinephrine during baroreceptor stimulation and inhibition. Our finding that the gain of arterial baroreflex control of sympathetic activity was comparable for adrenal and renal SNA suggests that differences in these two sympathetic outflows during hemorrhagic hypotension are not due to regional differences in arterial baroreflex regulation.
We also found that progressive volume expansion produced graded decreases in both adrenal and renal sympathetic activity in rats with sinoaortic denervation. These reflex responses were caused by vagal afferents because they were abolished by cervical vagotomy. Thus, an important feature of this study is the suggestion that adrenal and renal sympathetic outflows are coupled when vagal afferents are activated by increases in cardiac filling pressure over the physiologic range but are dissociated when vagal afferents are activated by the pathophysiologic condition of hemorrhagic hypotension.
Speculation: Pathophysiologic Significance
Increased sympathetic drive to the adrenal medulla most likely provides the stimulus to adrenal catecholamine secretion during hemorrhagic hypotension. In addition, recent studies by Breslow et al 24 and Traystman et al 25 indicate that adrenal sympathetic nerve discharge stimulates adrenal medullary blood flow, which would increase the rate of catecholamine release. Adrenergic stimulation of the cardiovascular system by circulating catecholamines is thought to be an important mechanism for maintaining circulatory function during severe hemorrhage. Withdrawal of sympathetic vasoconstrictor drive to the kidney might provide a protective mechanism for minimizing renal ischemia and acute tubular necrosis. Renal sympathoinhibition has been shown to be sustained when hemorrhagic hypotension is prolonged for more than 30 minutes. 7 Reflex bradycardia may serve to reduce myocardial oxygen demands and thus minimize myocardial ischemia during this form of hypotension. Hemorrhagic hypotension is frequently accompanied by bradycardia not only in the experimental setting in animals but also in the clinical setting in patients. 26 -28 
